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FO!!E:hORO 


The flight tests described herein were conducted under the Energy 
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Baldasare (HASA-TCVPO) 

M. Stewart {KASA-FLTMD) 


Project Manager 
Experiment Manager 
Principal Investigator 
Instrumentation 
Coating Applications 
Data Analysis 
Data Processing 
FI ight Operations 
Instrumentation 
Instrumentation 
Data Processing 
Airplane Modification 


MOTE : 

Certain commercial materials are identified in this paper in order to 
specify adequately which materials were investigated in the r'csearr.h 
effort- In no case does such identification imply recommendation or 
endorsement of the product by flASA or Boeing, nor does it imply that the 
materials are necessarily the only ones or the best ones available for 
the purpose. 
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1.0 SUMKARf 


A flight test prog rc!Ti was conducted in which tho effects of various 
surface coatings on aerodyiiamic drag were investigated; results of this 
progratn are described in this report. ihe tests were conducted at 
NASA-Langley Research Center on the terminal configured vehicle (TCY) 
Boeing 737 research airplane. The Boeing Company, as contractor with 
NASA under the Energy Efficient Transport (EET) program (Contract 
NASl-15325), planned and evaluated the experiment. The HASA-TCY Program 
Office coordinated the experiment and performed the flight tests. 

The principal objective of the test was to evaluate the drag reduction 
potential of an elastomeric polyurethane surface coating, CAAPCO D-274, 
which also has been considered for application on transport airplanes to 
protect loading edges from erosion. The smooth surface achievable with 
this type of coating held some premise of reducing the skin friction drag 
as compared to conventional production type aircraft surfaces, which are 
usually anodized bare metal or coated with corrosion protective paint. 

R equirements for hioh ^pr^c^Tri^^ meastiremc^nts wor e _ the principal 

considera tions in the experiment. 

Figure 1 shows the test plan surrrrary. The drag increments between 
various surface coatings were evaluated from boundary layer measurenents 
mace at the downstream end of a 2m (cC in) wide test surface on the 
inboard portion of tho wing. Xeasurements were taken simultaneously on 
both the left and right v/ing panels. • The various surface coatings were 
applied to the left wing test section in a series of test flights, while 
the right wing test section remained bare metal, stripped of paint, to 
provide a constant basis of comparison. 


^EV SYM 


| s .v - 3 / ^ 6 





Rikf? stations at 73% 


^WBL^aO. 
Reference surface . - 
WPL 100* 


'C»2m\ 


W6U 14) 
(Pressure 
U»lt- 

VVBL HD 


Test surface 




Vi 


Test Conditions 
C. 


0.75 • 

0 .65i • 

0.55 

0.45 




® Instf uJTientaticn 

Four 2>prooe rakes 
® T\\o 13-port static pressure bells 


Schedule and Conficuration 



Fli.^ht 

Test surfaces 


No. 

Oats 

Left wing 

— 
R;gh: Wing 


1 

12-n 80 

Existing paint 

b'a-e metal 

Houncarv ‘ayef rakes 

n 

c 

1-20 31 

Hare 

Care metal 

Pressure belts 

3a 

1 1-23 81 

Bare— leading- 
odgo grit 

Bare metal 

Bcundarv layer rakes 

3 

1-2381 

Bare 

Bare metal . 

Coundany- layer rokes 

4 

i 1-2781 

Ccroi;;afd 

Sere rr.cta* i 

Boundary Dyer raises 

5 

2 0381 

CAAPCO 

Bare metal | 

Boun.dary Dyer rakes 


Figurv t. Tes: P;3n Surnmar/ 


REV SYM 
















The bo'jnt’iry layer neasurcRents v<ore made by fixed pitot rakes (tv/o on 
each side) located near the midspan of the test area. Pressure 
distributions along the test section were also measured during a separate 
flight using a belt of plastic tubing (Strip-a-tube). 

The test program consisted of five flights in the sequence indicated in 
figure i. Du'*ing the first flight, the existing enamel paint (which was 
not factory applied and somewhat weathered) was retained on the left wing 
test section; the right wing test section was stripped of paint to the 
bare metal. During the second and third flights, static pressure and 
boundai*y layer surveys were made, respectively, to obtain baseline 
measurements of bare metal surfaces on both sides of the airplane. 
During the fourth flight, the left wing test surface was coated with 
Corogard, which is used on production airplanes over the inspar area for 
corrosion protection. The CAAPCO B-274 coating was tested during the 
fifth flight. A supplementary experiment was performed during flight 3, 
in which a strip of metallic grit was applied to the leading-edge region 
to simulate a badly eroded leading edge. 

Each test flight included 15 test conditions selected to provide 
systemutic variations of Mach nunber and lift coefficient covering the 
cruise regime of the test airplane. During each condition, at least two 
sets of boundary' layer profiles were re corded. 

The principal results of the test are summarized in figure 2. The 
percentage section p.'jfile drag increments (or decrements) due to the 
various surface configurations, relative to the bare metal reference 
surface, are shown as a function cf the unit Reynolds numoer, which is 
the dominant variable according to classical roughness drag correlations. 

In .Sectien 5.3 of this document, figures 37 and 33 shew the projected 
drag {ncrenents (or decrements) for each surface configuration oxoressed 
in terms of section profile drag and airplane total drag. 
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CA^J CO Coating — This coating showed a C,75c to 2. CL reduction in section 
profile drag relative to the bare surface- The drag decreinent was 
consistent throughout the entire range of the test and was sc.'!;c-what 
larger at lov# Reynolds numbers: i-a.» higher airplane lift coeffi-' icnts 
^^L(. At typical cruise conditions, i.e., at a unit Reynolds nur>ber of 
= G.5 million/r. (2 nillion/ft) , the section profile drag docrcr.ient 
was about 1.4% {mean value or the data band). 

Corogard Surface — This surface shewed a clear trend cf iacreasing drag 
with increasing unit Reynolds number {Rj), varying frcni essentially 
zero at the low end of the Reynolds number range of the test (high 
altitudes) to about 3.5% at the high end (low altitudes). At typical 
cruise conditions, i.e., Rj = 6.5 mill ion/<r. (2 nillion/ftl. the 
increment in section profile drag was about 1.2'L. 

The average roughness of the Corogard paint tested v/as characterized by a 
profilcTCter cage reading of r^ ic; 160 /^in, a value somewhat higlier 
than the average roughness of Corecard paint on Seeing production 
airplanes- 

Poughened Leading Edoe — This caused a s.tall but dearly reasuraMe drag 
increment relative to the bare surface, '•anging from 0.5% to I.f<% of ths 
section profile drag. 

Existing Paint- -The existing paint appeared to have slightly higher drag 
than the bare surface. The increments, however, are of the saiie 
magnitude a^. the experimental data scatter. 
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) To accurately determine tote] airplane drag ircroments, similar 

measurements should be made at other spanwise locations, iiowever, if it 
is assumed that the sane local section drag increments apply at all 
sparTc/ise stations and that for Corogard, which behaves as a distributed 
roughness, the increments are proportional to the coated area, then the 
I follcrwing airplane drag increments are obtained for typical cruise 

conditions: 

CAAPCO 0.2* decrease 

Corogard 0.2« increase 

*100911 L.E. 0,3% increase 

Based on these test results, it is concluded that the CWPCO coating 
offers som.e small drag benefits, particularly in comparison with the 

Corogard coated surface tested. However, before CAAPCO (or any similar 
coating such as Cheinglaze or Astrocoat) could be considered for 

application to the inspar area on oroduction airplanes, it would have to 
be shewn, through laboratory tests atid service evaluation, tliat the 
coating provides cormsion protectirn equivalent to that of Corogard 
paint. Initial laboratory tests for corrosion protection are in progress 
unde-* the EET program. 
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2.0 INTRODUCTIC?; 

Tests by Beasley and McGhee (ref. 1)* on a wing section covered with a 
s.:iooth film to reduce profile drag, were reported in 1977. It was found 
that at high Reynolds numbers the specially prepared surface showed a 
reduction in section profile drag of about 12», This stimulated an 
industry interest to determine if some of this improvement could be 
realized from coatings or films applied to commercial transport wings. 

An investigation (ref. 2) under Contract hASI-14742 eliminated films from 
consideration because of difficulties in appl>ing them to large surfaces 
with compound curvature and/or novable control surfaces. The 

Investigation, hcw'cve*', identified certain types of elastomeric 

polyurethanes as having such desirable characteristics as smooth surface; 
durability, especially in areas of high erosion; and feasibility to apply 
and iT'Kilntain. Three rommercially available products— CAAPCO 5-274 , 
Chemglaze M313, and Astrccoat--were cited as potential candidates for 
application. The investigation described in reference 2 included a 
ccst/benefit analysis for various confi gurvitions of these three coatings 
applied to a modi urn- range transport 'ircraft. It showed that a smoM 
reduction in airplane drag duo to the coatings would offset the cost of 
coating application and maintenance. It was essential, therefore, that 
reliable experimental data be cbtaint?d on the effect of surface coatings 

on aerodynamic drag before recommendations could be made as to the 

applicat** '^f such coatings on cot^^mercial transport airplanes for fuel 
savings, l '-rquently, an experimental program was initiated under the 
current WASA-EET program (Contract WAS1-I5325) to investigate the 
potentials for drag reduction duo to surface coatings. Only CAAPCO was 
evaluated in this experiment. The surface sir>oothness of the other two 
materials is very similar to that of CAAPCO, and it is believed that 
testing all three of the materials wrulo not have Contributed 
signif icantly to the results. 
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It W2S believed thet the effects of surface coatings on wing section drag 
could be evaluated with sufficient accuracy from boundary layer 
measurements made on a representative airplane surface. Because the 

differences in skin friction drag between various surface configurations 
would be very small, the proposed experiment had to be conducted with 
extreme care and high precision. Extrapolation to total airplane drag 
increments would be approximate because of varying qeometry and 

aerodynamic conditions along tlie span. 

Plans for the test program were formulated under NASA Contract 
NAS1-15325-C6 and are described in detail in references 3 and 4. The 

HASA TCV (Boeing 737) research aircraft met the cost, performance, and 

availability requiremoivts and was selected as the test vehicle. The 
(lASA-Langley TCV Program Office participated in the planning and 

coordination of the experiment. The formal agreement for the test was 
concluded in July 1980, and assembly of the experimental harctware was 
begun shortly thereafter. ihc flight tost program started in December 
lySO and v<as concluded in early February 1931. 

This report contains the test results, a summary description of the test 
apparatus and measurement techniques (also documented in ref. 4), and the 
analysis method. Section 4.0 cortains a description of the tost, 
including the experimental layou surface configurations tested, 
instrumentation, test procedure, .and tost analysis. The tost results 
grouped according to the various surface configurations tested are in 
Section S.O. Results and conclusions are surmurized in Section 6.0. 
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3.0 ABBREVIATIOf.’S AWO SYMBOLS 


3.1 

GENERAL ABBREVIATIONS 


^exp 

exposed wing planfomi area 


b 

wing span 


c 

chord length 

• 

"d 

section drag coefficient 


<^D 

airplane drag coefficient 


c. 

1. 

airplane lift coefficient 


'^P 

local pressure coefficient 


EET 

Energy Efficient Transport 


GW 

gross weight 


-P 

pressure altitude 


u 
1 1 

boundary layer shape pararreter, ^Iq 


I.D. 

inside diarreter 


L.E. 

leading edge 


m 

rnagnification factor 


H 

Mach number 


O.D. 

outside diameter 


P 

0 

sea level static pressure in standard atmosphere 



total pressure 


Ps 

static pressure 


q 

dynamic pressure 



irpoct pressure, total pressure minus static pressure 
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R 

R, 


^REF 


7CV 

T 

' 7 

u 

U 

e 

U 

Y 

W 

W3L 

X 

y 


neasuro of surface roughness (prof ilometer gage reading) 
Reynolds number 

Unit Reynolds number, U^/v 
reference wing area 
Terminal Configured Vehicle 
total temperature 

local velocity within the boundary layer 

local velocity at the cuter edge of the boundary layer 
frccstrcam velocity 
ai rspeed 
body width 

airplane gross v**eight 

remaining fuel weight 
wing buttock lino 

streamwise coordinate ^ 

distance from tiie surface (rake probe location) 
spanwise coordinate 
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3.2 SUBSCRIPTS 


chord 

conditions at edge of boundary layer 

indicated (airspeed) 

moasurett'ent location 

true (airspeed) 

conditions at the wall 

height above the surface 

freestream conditions 


3.3 SYMBOLS 



airplane angle of attack 
ai rplanc- yaw angle 
ai rplane pi tch angl e 

atr.ospheric pressure ratio, P/fp, or boundary layer thickness 

boundary layer displacement thickness 

boundary layer momentum thickness 

density of air 

kinematic viscosity of air 

wal 1 shear stress 
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4,0 TEST DESCRIPTION' 

This section contains a description of the test setup, the surface 
configurations tested, the instrumentation, the test procecure, the 
philosophy of test analysis, and the data processing. 

4.1 TEST AIRPLANE AND EXPERIMENTAL LAYOUT 

The principal requirements for a suitable test vehicle were (1) the 
capability of achieving flight conditions; i.e., speed, altitude, Mach 
numbers, and Reynolds numbers typical of today's jet transport airplanes; 
(2) external surface characteristics representative of transport 
airplanes; (3) proper instruments for high-prcci sion data recording; and 
(4) availability for a series of tests that could take at least a month. 
The NASA TCV (Boeing 7371 research aircraft (fig. 3) met those 
requirements and tnus was a suitable cfToice for these experiments. 

Figure 4 shews overall layout of the experiment depicting the location of 
the test surface on the airplane and the principal instrumentation used. 
The various surface coatings were applied to a 2.03m (HO in) wide strip 
on the inboard left wing, extending from the 18?. span station (wing 
buttock line [WBL] 100) to the 32? span station (WBL 100), and 
terminai'.ing at the hinge line of the inboard spoiler. The same area of 
the rig't wing panel was stripped of paint to the jara met.el surface and 
was retained in that condition throughout the test to provide a constant 
baseline reference surface. Evaluation of the various surface coatings 
v.'as made principally by a side-to-side comparison from measurements taken 
simultaneously on the test surface and the reference surface. This 
arrangement ensured that comparison of the two surfaces was made at 
exactly the same flight conditions. To further validate the evaluation, 
the left side test surface was also tested in the "bare" condition. The 
tost arrangement also permitted f 1 ight-tc-fl icht comparisons bemveen the 
various surface configurations. However, these comparisons cannot be 
considered as straightforward as the sido-to-side comparisons because 
flight conditions, particularly the Reynolds number, cannot bo duplicated 
exactly on different flights. 
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Figures. Te^t Airplane: NASA TCV 8‘727 Re'^erch Aircraft 
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Figure A. Experiment Layout 





Tho principal instrumentation in this experiment consisted of a pair of 
boundary layer rakes mounted on the v;ing near the downstream edge of the 
test surface (73® of the local wing chordl. Two rakes were used on each 
side-one at V.’3L 141 (25^ sc-mlspan) and the other at WBL 154 (28» 
semispan). The '"ake at V/BL 141 was the primary data source, while the 
second rake provided backup data. 

Chordwise pressure distributions along the main test section (W0L 141) 
were measured during flight 2, using a strip of rrultitube plastic belts 
(Strip-a-tube) bonded to the wing surface. Those measurements provided 
an experimental data base for the calculation of boundary layer growth 
along the test surface. 

4.2 SURFACE COfJFIGURATIOhS TESTED 

Boundary layer measurements were made on five surface configurations! 
the painted surface, vvhich existed prior to the test; the bare surface; 
the bare surface with rough leading edge; Corogard paint; and CAAPCO 
coatino. 


Existing Paint — The existing paint on the test airplane was a nonstan-iard 
enamel coating, applied by a fJASA contractor, and was several years old. 
At certain locations, particularly on tho lower surface, it was in a 
somewhat deteriorated condition. Although there were r,‘ major 
discrepancies on the upper surface test section, there were numerous 
small lumps and specks. In general, the surface condition was typical of 
a medium-time airplane in airline service. 
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3aro Metal SurfacG — This surface was very sniooth c.i a microscopic scale 
(readings of the profilemeter gage indicated a surface roughness index of 

^ 30 piin). However, numerous rows of rivets run across the test 
surface (fig. 5a), and individual rivet heads protruding from the surface 
up to about 0.1 tniTi (0.004 in) were not unconimon. In addition, spanwise 
skin butt joints across the test section had small gaps 1 to 3 mm (0.04 
to 0.12 in) wide, with aerodynamic putty in the larger ones. There v/ere 
occasional mismatches of up to 0.25 mm (0.01 in). Because the size of 
these minute surface imperfections is comparable to the thickness of the 
viscous sublayer, it can be expected that they produced some incremental 
drag above the profile drag of the perfectly smooth wing. This, in 

essence, means that the bare surface, chosen for this experiment as a 
baseline configuration, should net be assumed to be an ideal, 
hydraulically smooth surface, but one that has a certain level of 
discrete roughness elements. 

Roughened Leading Edge— The roughened leading edge (fig. 5b) was included 
among the test configurations as an additional item to t?btain data on the 
effects of an eroded leading edge on drag. The simulation of an eroded 
leading edge vvas accomplished by applying metallic grit to the leading 
edge on the left wing test surface (which otherwise was bare). The 

roughened srr- > was about 76 mm (3 in) wide. The grit size was No. 50, 

0.33 mn’i (O.OlJ in), with a nominal density of about 15 particles/cm^* 

(100 particlos/i n^) . The grit was removed by washing the surface with 
a solvent after measurements were taken. 
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Corocard Paint— To obtain an additional reference to which the CAAPCO 
B-274 olastomcric polyurethane surface . coating could be compared, 
Corogard was included in the tost surfaces (fig. 5c). Corogard paint is 
widely used on large transport airplanes for its excellent corrosion 
protection characteristics; however, the surfaces painted with Corogard 
have a certain level of roughness that varies with application techniques 
and thus is, to soi^e extent, controllable. 

In this experiment, the intent wap to test a Corogard-coated surface 
representative of the average roughness found on production airplanes. 
Usually the roughness is measured by a profiloreter qage (Surtrenic III), 
which follcv/s the contour of the surface with a miniature stylus moved 
along a certain (.reset distance. Surveys of Corogard roughness on Doeing 
production airplanes indicated that a profilometer gage reading of about 

**3 ■' typical of the sampled cases. Duplication of this 

roughness level was intended for the present experiment; however, the 
coating ultimately was slightly rougher than desired, registering a mean 
value of about r^ 160 yin on the profilometer gage. 

Kote that Corogard started at the front spar joint and continued back to 
the spoiler hinge line; i.e. , past the boundary layer rakes. In a 
production airplane, the Corogard coating usually extends betwce.i ^he 
front and rear spar, but on the test airplane Corogard was extended 
further aft to avoid a change ir surface conditions just ahead of the 
flow-measuring i nstrumentation. 
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CAAPCfl CoJt1t'iq- -Tr><s coatir.cj, the principal subject of this 
investigation, was applied in several layers following the procedure 
describen in reference 2. Unlike the Corogard coating, the CAAPCO 
coating started at the leading edge (fig. 5d). Along the fonvard region 
of the wing (ahead of the front spar), five successive layers of CAAPCO 
B-274 wore applied, resulting in an apprexinately Q.305 nxi (12 nil) thick 
coating. Aft of the front spar, where erosion protection is not 
critical, a three-layer coating of approxinatoly 0.127 nn (5 nil) 
thickness was applied. The resulting surface v/as fairly smooth, and to 
serre extent the coating faired nonflush rivet heads and skin joints. The 
coating was applied under a protective enclosure that had a forced 
ventilation system. During coating application, the enclosure was opened 
and additional fans added to improve ventilation. This caused some dust 
and lint particles to bo deposited on the wet surface during the curing 
period. It is believed that higher surface quality could bo achieved 
under properly controlled application conditions. 

The CAAPCO-coatod test surface showed an average roughness level of about 

10 to 15 ijin on the profilonotor gage, rsecause of the resilient 
nature of the coating, the validity of this r'casuremcnt is not certain. 

A ccrparisoii of the average roughness of the three tost surfaces, as 
measured by the profi 1 ometer , is: 

0 Eare notal 30 yin 

0 Corogard ItiO uin 

0 CAAPCO 10 to 15 yin 
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4.3 INSTRUiMENTATICK 

The Instrumentation system consisted of four principal elements: (1) 

pressure' sensors, including boundary layer rakes and static pressute 
survey belts; (2) scan/control module; (3) reference pressure/terperature 
transdicers; and (4) onboard recording equipment of the test airplane* 

Boundary Layer Rakes — The boundary layer rakes were the principal data 
sensors. Four rakes were used, two on each v/ing, as shown in figure 4. 
The general arrangement and principal dimensions of the rakes are shown 
in figure 6a, and a closeup photograph is presented in figure 6b. Each 
rake has 24 total pressure probes located at staggered heights up to 
127 mm (5.0 in) above the base and one static pressure probe at the 
height of 38 nn {1.5 in) being displaced to the side by 38 mm (1.5 in). 
The total pressure probes are made of stainless steel tubing of about 
1 mm (0.04 in) outside diameter with chamfered circular orifices. The 
static probe has a diameter of 2.36 mm (0.093 in) and a half-cllipsoid 
forebody. The installation of the rakes or. the test airplane is shown in 
figure 6b and 6c. 

Static Pressure Survey Belts — These 'Clts served as supplementary data 
sensors used during only one flight. One belt v;as installed on each wing 
panel at the 25« semi span location (%’BL 141) extending from the leading 
edge to the location of the inboard boundary layer rake (x/c - 73t). 
The belt was constructed, as shown in figure 7a, using two strips of 
10-conduit plastic tubing ( Strip-a-tube) . Holes punched into the tubes 
at selected cherdwise locations formed the static pressure sensors. 
Because the two outermost channels of the belts were not used, static 
pressures were measured at 18 locations along the test surface. Figure 
7b shows photographs of the belt instal laticn. Pressures from the 
boundary layer rakes and static pressure survey holts were transmitted by 
3 bundle of Strip-a-tube conduits that ran through the flap cavity and 
led to the scan-control module installed in the cabin. 
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Figure 6, Boundary Layer Raket fCoryduded} 
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The Scan-Control Module— The scan-control porfule vos the- link betv.'een the 
pressure sensors and the airplane's data recording system. Its main 
functions were to activate and control the four pressure rrjlti plexor 
valves (Scanivalves) and to supply excitation voltage and signal 
conditioning for the pressure transducers attached to each Scanlvalve. 
The scan-control module also contained valving that allowed cahin air to 
flew out the measurement ports during nondata-taking periods. This purge 
function was provided to keep the pressure measurement tubes and probes 
clear of water or ice. Provision was made for manual control of 
purgo/operate, initiate data sequence, and salocticn of scanning rate. 
Remote control and scanivalvo position readout were also provided for 
preflight checkout. Details of the scan-ccntrol module assembly are 
described in reference 3, 

Reference Pressure and Temperature Transducers — Four high-resolution 
Oigiquartz-type transducers wiare used to measure the reference total, 
static, and iripact pressures taken from the copilot's pitot static system 
and the freestream total temperature. These transducers are integral 
parts of the test airplane data acquisition system. The total and static 
pressures from those sources were transmitted to one channel of each 
Scanlvalve and recorded with the scanned rake pressure data. Therefore, 
the s/stem provided an updated re-calibration at each scanning cycle. 

Onboard Data Recording Equipmen t — ilie test airplane onboard data 
recording equipment consists of a 100-channel digital tape recorder and 
three 16-cnannel oscillographs for online data monitoring and quick-lock 
data recordit.g. 
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Of the 100 variables recorded by the onboard data acquisition system, 
only about io v^ere pertinent to the present cxperir<jnt. These included 
the four Scanival vc/transducer outputs and the Scanivalve position sional 
as well as the three reference pressures (total, static, and irinact) fron 
the airspeed system and the freestreau total temperature. These 
v. -‘iablcs were essential to the data analysis, but others, such as the 
i ‘.'ed, altitude, ancle cf attack, pitch and yaw angles, and fuel 
qu... tity were used only for the identification cf flight conditions. 

<.4 TEST PROCEDURE 


The surface coatings drag evaluation tests were inco-pomted into the TCV 
flight test program on a “concurrent test" basis. The tests were usually 
porfermed after the test airplane completed its primary mission at the 
Wallops Island test site. All the tests were flown in tightly controlled 
corridors designated by Air Traffic Control. 


There were five test flights, plus one supolemontary tost, during 
flight 3a v.-hen the roughened leading edge was tested. The following 
tabic lists the flights and test conf igurations chronologically. 


Plight Test surfaces 

He. Date Left wing Right wing 


Data sources 


1 

12-11-80 

Existing paint 

Bare 

Boundary layer rakes 

2 

1-20-61 

Bare 

Bare 

Pressure belts 

5a 

1-23-61 

Bare, L.E. gri t 

Bare 

Boundary layer rakes 

3 

1-23-31 

Bare 

Bare 

Boundary layer rakes 

<[ 

1-27-81 

Corccard 

Ha re 

Boundary layer rakes 

5 

2-G3-81 

CAAPCO 

Bare 

Boundary layer rakes 
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A total of 15 test 

conditions were 

florvn during 

each test 

flight, except 

in the case of the 

roughened leadi 

ng edge, which covered 

only four test 

conditions. The t 

est conditions 

v/ere selected to provide systematic 

variations of Mach 

nur.ber and 1 1 

ft coefficient throughout the cruise 

regime of the airplane- The folla‘^ing table lists the 

test conditions 

flown: 





Test condition 

•^L 

H 

W /5 , kg(lb) 

1 

0.75 

0.55 

149 ISO 

(228 831) 

2 

0.55 

0.65 

152 983 

(337 264) 

3 

0.45 

0.70 

145 1G5 

(320 029) 

4 

0.35 

0.75 

129 611 

(285 740) 

5 

0.65 

0.55 

129 447 

(285 377) 

6 

C.45 

0.65 

125 167 

(275 943) 

7 

0.35 

0.70 

112 906 

(243 911) 

8 

0.55 

0.55 

109 532 

(241 473) 

9 

0.35 

0.55 

97 352 

(214 623) 

10 

0.25 

0.75 

92 579 

(204 100) 

11 

0.45 

0.55 

89 616 

(197 5581 

12 

0.25 

0.70 

80 647 

(177 794) 

13 

C.25 

9.65 ‘ 

69 537 

(153 302) 

14 

0.35 

0,55 

69 702 

(153 664) 


0.25 

0.55 

49 787 

(1C9 760) 

To achieve a given 

ccr.bi nation of 

Mach nurber 

and 1 i ft 

ccofficient, 3 

test ccnditlon rust 

be flown at a f' 

ixed value of 

17/,;. Tin's is deternined 
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To establish a test condition, the norortary cross weight of the airplane 
is deterreined frer? onboard fuel gage readings. The appropriate pressure 
altitude that gives the required W/^ ratio is then calculated. Finally, 
engine thnjst is set to establish the desired Kach nursbor. 

fXiring each test condition, after the airspeed and altitude were 
stabilized, a minirun of 2 min was allowed for data taking. This 
permitted at least two full scanning cycles. Airspeed and altitude were 
held constant during the data recording; the maximum allowable deviations 
from the nominal values wore ^5.5 km/h {^3 kn' and jj7.6m {+25 ft), 
respectively. There were about 3 to 5 nin between test conditions to 
chance and stabilize speed and altitude. The usual duration of the 

entire test secuence was about i hr 20 nin. 

Figures S through 10 show a typical set of data pertinent to the test 
conditions flown during one of the test flights (flight 3). The range of 
test conditions is depicted in terms of C[_ and H in figure 8. It is 
evident that the actual flight conditions flown wore very close to the 
preselected conditions. Figure 9 illustrates the time history of the 

flight, shewing the altitude and ai '■plane gross weight variation. Thio 
fuel burn rate during the early phase of the test sequence (at high 
altitudes) was approximately 22C0 kg/h {4850 Ib/h), and it increased to 
about 2900 kg/h (6590 Ib/h) at the ' rwer altitudes toward the end of the 
test. The average rate of fuel consumption was 230 kg (507 lb) per 

condition. Figure 10 shows the Reynolds number range covered by the 

selected sequence of test conditions. For the flight shewn, the lowest 
value was R, = 5.1 million/n (1.55 millicn/ft) at condition 1, and the 
highest value was = li.l millicn/m (3.33 million'ft) at condition 
15. Note that a unit Reynolds number cf R, = 6.56 million/n 
(2 mill ion/ft) is typical for jot transport airplanes curing cruise. 


V S'i'.V. 




-0 


I *“*0^ Ji 


“*r- 
















pntssunn altitude, ii 



0 20 40 00 fiO ICO 

cl-VSED TIMS, min 


1-3 (iti) 











TEST ANALYSIS METHOD 


The principal phases of the test analysis are illustrated in figure 11a 
through 11c. First, the bounder,', layer velocity profiles are detei'mincd 
frer. the measured total pressure loss within the boundary layer. Then, 
the momentum loss profile is calculated from which, by integration, the 
momentum thickness is evaluated (see fig. 11a). These calculations wcj-o 
performed by an existing Seeing computer program, A-55, entitled 
"Turbulent Soundary Layer Profile Analysis." 

Because measurenonts were taken at an intorm^^diato chordwise location, 
measured increments in momentum thickness must be extrapoloted to the 
trailing edge to express the results in terms of section profile drag. 
This was done by calculating boundary layer growth along the tost secticp 
frem measured surface static pressure distributions and deriving a 
magnification factor that translates a given increment in momentum 
thickness, m.easured at the rake location, into a corresoonding increment 
in section profile drag coefficient: 

d ** c 

I 

where aO ^lEFT “ ^IGHT n'orentur.^ thickness uiffercr.ee 

between the left and right wing test sections, and n is the rjgni ficatl on 
factor as defined in figure lib. 

The boundary layer growth calculations were perforrred by another existing 
Gceing cenputer program, TEM 339, "A Finite Difference Method To 
Calculate the Boundary Layer Develop<rent on an Infinite Vawed Ving." The 
nagni fication factor was calculated following a method civon by Nash and 
Gra(jshaw (ref. 5). 
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This calculation yields ircrenental coefficients based on the chord 

of the test section. The ultimate objective, of course, is to deternine 
effects of the various surface configurations on total airplane drag. 
This, however, may be quite complicated because a number of factors must 
be taken into consideration, such as the chord-.nse extent of the coated 
area along the entire span as well as local flew conditions that also 
vary along the span. Furthermore, a surface coating may be applied only 
on the wing upper surface or on bot!i surfaces, including the empennage. 
However, assuming that similar conditions and effects exist at all 
spanwise stations, conversion factors for airplane drag can be- 
calculated. Figure 11c shews the method used in this analysis. While 
these factors are not exact, the error introduced is very small, 
considering the smallness of the basic drag increments, some of which arc 
approaching the accuracy limits of the experiment. 

4.6 DATA PROCESSIHG 


The data processing and test analysis were accomplished in six steps, as 
shown in figure 12. NASA provided raw data tapes that contained time 
histories of 16 variables, including boundary layer rake pressures, 
reference total and static pressures, total temperature, remaining fuel 
weight, airspeed, altitude, and angle of attack. Figure 13a gives a 
complete listing of the recorded variables. Each measured quantity was 
recorded at the rate of 40 readingi 'sec. Because the data taking 
interval during each of the 15 test conditions lasted about 2 min (two 
scanning cycles), the basic tapes contained a large volume of data: some 

1.2 million readouts per flight. 
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The first step of the Ji.ita reductiort process v/as to filter, average, and 
refomet the date contairod in the raw data tapes. An auxiliary computer 
program was v<ritten to accomplish this task, which provided an interface 
between v.he recorded data and the coiT'puter programs used to analyze the 
data. The principal functions of the interface program are indicated in 
figure 13a. Fir^t, data that were unreasonably out of range (stray 
points) were deleted and then the mean and standard deviations were 
computed for each remaining data poi.'t. Based on the standard deviation, 
if the scatter in a set of data was too large, those data were to be 
deleted. Mest of the data, however, fell williin very narrow scatter 
bands (;HD.1»); thus only very few data points were actually deleted. 
Another main function of the interface prccram was to generate average 
values of the test variables. The boundary layer rake data and the 
reference pressure. data were averaged for each scan position, while those 
variables that were essentially constant during a given test condition 
(such as airspeed, altitude, ter^perature, etc.) wore averaged for the 
entire scanning cycle. The averaged data, then, were adjusted for such 
small-scale perturbations as zero shift, amplifier sensitivity drift, or 
slight variations in airspeed during a scanning cycle. 

In the second stop of the data roluction process, input files were 
generated for the two principal cCTOuter programs used in the test 
analysis: the boundary layer profile analysis program (A-55) and the 

boundary layer growth analysis progra. (TEM 139). The input file format 
for A-55 is also shewn in figure 13a. 


The third stop constituted processing t.he test data by the A-55 and 
TEM 139 computer programs. Data from flights 1, 3, A, and 5 (i.e., the 
bounoary layer survey data) were processed by A-55, while the surface 
pressure survey data from flight k were processed by TEf-5 139. A 
functional diagram of computer prccram A-55 is shewn in figure 13b, 
illustrating the input/cutput variables and the cerputatien sequence. 
From the output, of A-55, two plot files were generated for the POP 70-11 
mi.'’ computer , which allowed machine plotting of tie test results. One 
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file included the boundary layer profile pareneters (i.e. , t 
variables that are dependent on height), while the other contained the 
global or integrated paraneters. 

In the fourth step of data processing, a correction was applied to the 
boundary layer :nomentun thickness data to cor.pensate for slight 
difforencos in the local static pressures (Cp's) between the left and 
right wing test sections. 

During the fifth step, ronontua thickness increnents betvecn ti:e left and 
right vving test sections were extracted fron the data. In parallel to 
this task, the applicable “nagnifi cation factors" were detorniined for 
each test condition based on results of the boundary layer calculations 
nade by TcK 133. 

The sixth step of the data reduction process constituted translation of 
the local notnentum thickness incrcrents measured at the rake location 
{73t test section chord) into section profile drag increments and, 
ultimately, extrapolation of the section profile drag increments in terms 
of total airplane drag increments. 
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5.0 TEST ?.£ SUITS 


Ths test results are described in this section. In general, selected 
sasjples of the basic data are presented, and the results of the data 
analysis are discussed. The discussion begins with the static pressure 
surveys and subseauent boundary layer calculations. Finally, the results 
of the boundary layer surveys and drag evaluation arc presented. 

5.1 STATIC PRESSURE SURVEYS 

Sanplos of the (teasared upper surface chordwise pressure distributions 
along the test section are shewn in figure 14. The effect of lift 
coefficient variation at constant Mach nurrbsr is shewn in figure 14«; 
figure 14b shows the effect of Mach nunbar variatior. at constant C, . 

w 

These neasureir.ents indicate orderly trends of static pressures except in 
the region around x/c => lOi, where a distinct aberration occurs. This is 
thought to be caused by waviness in the skin near the front spar. The 
aberration is a.TjjJifled at higher Mach r.ur.bers (fig. 14b). 

The pressure distributions measured on the two wing test panels were very 

similar. The right wing had slightly higher negative c ‘s than the 

P 

left wing, as shewn, in figure 15. The difference was about 
0.03 io 0.C6 and, in general, larger along the forward region. 

For calculating the boundary layer characteri sties, corresponding c^’s 
between the two sides v/ere avoreced. Because the pressure belt was 
terminated at the x/c » 70« chord location, an extrapolation of pressure 
distributions back to the trailing edge was necessary to carry out 
calculations for the entire length of the airfoil upper surface. This, 
however, could be done with fairly high confidence knowing that the 
pressure variation over the aft end of the airfoil is nearly linear as 
long as the flow is not scoarated. 
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Typical rpsults of boundary layer calculations corresponding to tho 
pressure distributions shown above are presented in figure 16a and 16b. 
These data vere used for calculatinc* the nagnif icatien factor (seo fig. 
lib), which is used for translating the treasured rroiTtentun thickness 
differences into profile drag incretrients. The theoretical section 
profile drag was also determined based on these calculations following 
the approach outlined in figure lib. The results are presented in figure 
17, showing the profile drag variation with lift coefficient for the 
upper surface alone and for the entit'e airfoil section. The drag 

contribution of the lower surface was estimated on the basis of pressure 
distributions obtained in the wind tunnel. The calculated magnification 
factors are shown in figure 18. 


5.2 BOUKDARY LAYER SURVEYS 

It is more convenient to discuss the results of the boundary layer 
sui-veys in a different order than the sequence of test flights. The 
baseline data, obtained with bare surfaces on both sides (flight 3), are 
discussed first, followed by the results with Corogard (flight and the 
CA.i?C0 coating (flight 5), respectively. The tost results with the 
roughened loading edge (flight 3a) />»-e then presented, followed by the 
test of existing paint (flight 1). 
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5.2.1 Bare- to-Sare Surface Ccrnparison 


i 


A typical set of measured boundary layer profiles Is presented In figure 
19. showing velocity variations (fig. 19a) and mown tun loss variations 
(fig. 19b) across the boundary layer for varying lift coefficient and 
constant Mach number. The measurements indicate a very orderly behavior 
of the boundary layer, with steady Increase in the velocity defect and 
mcmentum loss as lift coefficient increases. The thickness of the 
boundary layer at the measurement station varies from, about 6 = 50 to 
80 mm (2 to 3 in). Figure 20 shows a contparison between the boundary 
layer profiles measured on the left and right wing panels (rake 2 is on 
the left side and rake 3 is on the right side). The profiles appear to 
be nearly identical, both in terms of velocity dcl^ect (fig. 20a) and 
momentum defect (fig. 2Cb). There is, however, a slight difference in 
the value or momentum thickness (derived by integration of momentum loss 
profile). It was first assumed that this difference was well within the 
accuracy limits of the measurement, but a closer look at all these data 
revealed that the small difference between the two sides was consistent 
and, therefore, net a random error. 
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A further look Into possible; rcosons for the sHoht differences between 
the two sides indicated that the rnon-^ntu::! thickness difference can be 
linked to differences in pressure coefficients ir.easured by the static 
port of the boundary layer rakes. This is illustrated in figure 21, 
where measured ncn:entu!r. thickness data are plotted against pressure 
coefficient for three selected flight conditions. (Hcte that two data 
points are shown for each rake corresponding to the two data scans 
performed during each test condition.) Reasons for the differences in 
local pressure coefficients betwoon the left and right wing tost stations 
are not certain. Uo leaks or plugs in rake static pressure lines or 
obvious errors in data recording v/erc discovered during a post- test 
recheck of the instrucientation system. The most likely explanations for 

the differences in local neasurernents are that the geomietry of the 
two sides is slightly different, which could be caused by rigging of the 
trail ing-edge flaps, or a slight asyrmotrical deflection, under airloads, 
of the inboard spoilers. Kote that the static pressure surveys also 
indicated slight differences in c between the two sides. As the test 
results shewed a fairly distinct pattern regarding t*no effect of 
variations on the neasured nonenturi thickness, a convention was adopted 
for the data analysis according to which measured A0 values were 

adjusted to variations in c The adjusted value of the moTOntun 

thickness was derived as 


0 = 0 (c - c„ ) 

corr reas dc^ p P 

where the gradient ^^detentiined, as indicated in figure 21, and 
was obtained by extrapol ating the reasured oressuro distribution data to 
the rake location. This adjustr.ent further reduced the srall differences 
in rcrr.entur: thickness observed between the two sides in the bare-^to-bare 
condition and rendered these data rcre tc nachine processing for 

evaluation of the e.xtremely sroll AC differences. This sane 
ad.’justrent Drocodure was also applied for all the other test fjrface 
eval uati cns. 




p>^s:ssu;£ ccEFriciDn • c„ 

Figure 2h ^^on^ennJn^ Thickni^ Ccrncuons (or Vjfiauonz in Loc:it Static Prvtzurv 
{ Left and fiight Wing Bare Su. faces) 









Figure 2H shows the adjusted rnoTOntun thickness data ccniparing left and 
right sides. Considering the greatly expanded 0 scale, differences 
between the two sides appear to be very snail, although at high lift 
coefficients the right side tends to shev/ slightly higher values of 0 
than the left side* The 0 increnents are shown in figure 23. 


5,2.2 Corogard-tO“3are Surface Cenparison 

Ficjre 24 illustrates a typical set of measured boundary layer profiles, 
indicating both the velocity defect {fig. 24a) and the r.cmentun defect 
(fig. 24b) across the boundary layer for the Corov^rd-coated surface and 
the bare reference surface. The effect of Coregard is obvious — increased 
velocity deflect and rerv^ntun loss throughout the boundary layer and 
slightly increased local velocity (i.e., shear) next to the surface. For 
th.c case shewn, the increnxjnt in measured momenturn thickness is 0.36 m 
(0.014 In), or about 6« of 6 for the bare surface. This value, 
hoGver, is subject to adjustm^ent (fig. 25). After the adjust’^ent, the 
increrent is reduced to AO = C.30 m (0.012 in). This is about 4.8t. of 
Q tvT the bare surface. The case shown represents an average flight 
condition. At Icwer lift coefficients (i.e., higher Reynolds numbers) 
the iicrcnents are higher, whereas at higher C^*s (i.e., lower Reynolds 
numbers) the Corogard surface shows little or no increment in tnenentun 
thickness relative to the bare surface. The results, in teiT^s of 
adjusted ncrrentuci thickness, are shown in figure 26. Mcrentum thickness 
Increnents and corresponding section drag coefficient increnents, derived 
from the adjusted morentun thickness data, are presented in figure 27. 
Cistirct trends of increasing or with decreasing Cl are 

evident. This apoerent dependency on C.^^, hewover, r.ainly reflects 
Reynolds number ef fects «’s shewn in Secticn 5.3. 
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5.2.3 CAA°CO-to-B,^re Surface Corrpar; son 

A typi cal set of neasurcd bouncai’y layer profiles is shewn in figure 26, 
where the CAAPCO-coated surface is cerpnrod with the bare reference 
surface. The measurenents show very sniall uifforence in the velocity 
profiles (fig. 28al or in the r.orr.entuin loss profiles (fig. 2Bb) between 
the two sides. Consequently, the mcmentura thickness values evaluated 

from the boundary layer profiles arc- nearly the same. The differences in 

The Cp values, however, are also present in this set of data, as 

illustrated in figure 29; and when the measured morfcntum thickness is 
adjusted for this effect, the CAAPCO coating exhibits slightly lower 
nomentun thickness than the bare surface. The adjusted rnonentun 
thickness data for the CAAPCO-ta-bare comparison are shown in figure 30. 
A small decrement in mcmcntur.i thickness for the CAAPCO-coated surface is 
present throughout the entire range of test conditions. The dccrerients 

in 0 , as extracted from the data by a test-point-to-test-point 

comparison, and the corresponding cccremcnts in section drag coefficient 
are shown in figxjre 31. Accordingly, the drag reduction duo to the 
CAAPCO coating ranges frem Ac^ = 0.C0C05 to 0.00012 (0.5 to 1.2 drag 
counts)- This is discussed in terns of percent section profile drag and 
percent airplane drag in Section 5.3. 

5.2.4 Bare Surface With Rough Leading! Edge 

A typical set of boundary layer profiles shewing the effect of rough 
leading edge is presented in figure 32. The lower portions of the 

boundary layer velocity profiles are essentially identical, but 

throughout the outer region there is a sn’all but definite difference 
where the rough leading edge shews a larger velocity defect. Censidering 
that the two surfaces are not different at the nv?asure^^ent station (both 
sides being in bare condition), this difference in the cuter region of 
the bcundar>' layer is logical because' the inner rogicn, where local flow 
conditions have a dominant effect, is unchanged. The effect of 
Icading-odcc roughness mainly shows in the outer region of the profile, 
'which is largely deiomined by the upstream flow cenditvors.- 
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Figun: 32. Typical Boundary Layer rrofi!'^-- Effect of Hough Leading Edge 
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KoiTiontur; thichn^ss derived fron the rriearurer^nts were subjected to 

the •:idju5t:^‘^ent procedure as described previously. The resulting 

G *5 are shown in figure 23^ The rough leading edge was tested only at 
four of the 15 selected flight conditions during a ferrj' flight from 
Langley Field to the rt^allcps Island test sixe. These four test 

conditions were all below altitudes of 6000m 20 COO ft). 

Incren'ental effects of the rough leading edge relative to the bare 
surface are shown in ficjre 34, Three data points accuired at « 
0.25 indicate a nonentur thickness increment of about AO " O.CS m 
0.003 1 p) and a corresponding section profile drag incrernent cf Ac^ 
« 0.00005 (0.5 drag count). The fourth data point, taken at *■ 0.45, 
indicates a A0 ' O.IS nr. (0.C07 in) and a x> 0.00011 (1.1 drao 

count). The larger effect of leading-edge roughness at the higher lift 
ccefricient is expected. 

5.2.5 Existing Pa i nt-tc-5are Surface Cerparison 

Testing of the existing painted surface took place during the first 
flight, which also served as a shake-cown experiment for checking cut the 
instrumentation and data recording systems. The- functioning of the datr 
accuisition system was demonstrated, but there were some problems with 
the data recording. The reference pressure readings (e.g. , from the 
0 igl:.,ijart 2 transducers) were not recorded during the first half of the 
test due to a faulty power supply; and at some cenditiens the rake 
pressures exceeded the preset scales of the recorders. For these reasons 
net all of the 15 test conditions flown yielded valid data, sc the 
evaluation of this surface is not as accurate as those. of the subsequent 
flichts. 
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A typicol :ot of bound-iry layer profiles, shc^^lnc the effect of the 
existing paint in ccirpariscn vrith the bare reference surface, is 
presented in figure 35. A ynall increase in vciccity defect due to the 
painted surface is clearly noticeable. Tlie ron'entur. thickness data 
derived from the tneasureraents indicated that the increments between the 
two test surfaces vrere not always consistent, as shown in figure 36 for a 
typical set of test conditions {C^_ *= 0.35). T.he painted surface 

appeared to have slightly higher drag than the- bare surface; the 
increments, however, are about the same magnitude as the oxperim.ental 
data scatter. 
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5.3 SLW/.RY OF DRAG EVALUATION 


5.3.1 Section Drag 

Final drag evaluation results for each test surface are presented in 
figure 37 as section profile drag inc^e^^e^ts plotted as a function of 
frccstream unit Reynolds nurr.ber. The data have been plotted in this fom 
because classic experironts indicate tiiac unit Reynolds nurr.ber is the 
prin^ary factor in distributed roughness effects. 

CAAPCO Coating (fig* 37gl- -This surface produced a lower drag than the 
bare reference surface, about 0,75‘A to 2« of the section profile drag. 
The 2% decre?n, ont is applicable to Icv/or Reynolds nurbers or higher lift 
coefficients. The relationship could be better defined with additional 
tost data. At a typical cruise Reynolds nur.bcr of 6.5 million/n 
(2 nillicn/ft), the section drag decrenent is l.nt. 

Co roqard Surface (fi g . 37al— This surface shewed a clear trend of 
increasing crag with increasing unit Reynolds nurber v^hen the latter 
exceeded a certain lir.it below which the surface was indicated to be 
hydraulically srooth. As shewn, this critical Reynolds nurber is about 
4.9 rillion/r? (1.5 nillion/ft) for the particular surface tested. At the 
highest Reynolds nunbers cf this test, the 1ncrer«ont is soon to bo about 
3.5'. At a typical cruise Reynolds nurber of 6.5 nillion/n (2.0 x 
10 nillicn/ft), the increment is 1.2X-. 

Ba re-to-Rare Surface (fig . 3*^M "-The$o ccrparis.ons .. indicate a srall 
difference in section profile drag botv/een the loft and right wing test 
sections, which ainounts to an average of about Q.35X. fio definite trends 
arc discer.nible with Reynolds nurber, Mach nurber, or lift ccefficicnt. 
This drag difference found on the baseline conf iguration was accounted 
fer when assessing effects of the other surface coatings tested. 
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Rouoh leading Cdce (fig. 37c)— This test shewed a drag fncrer'cnt 

arxjuntlng to . about 0.65t of the section profile drag at three test 
conditions flown at = 0.25, and about 1.61. at one condition flown at 

« 0.45, The trend 1s plausible; however, additional data are 
required to firmly establish the effects of lift coefficient on drag 
incrowent. 

The existing painted surface showed a slightly higher drag level than the 
bare surface. The increir.cnts, however, arc of the sar.e magnitude as the 
expcrirental scatter band, and so these results are noi conclusive. 

5.3.2 Conversion to Airplane Drag 

To accurately detetmins the effect cn total airplane drag, additional 

neasurements v/culd have to be made at enough spanwise stations to permit 
integration over the entire wingspan. If, however, it is assumed that 
the same section drag coefficient increments occur at all spanwise 
stations, the total airplane drag increments can be estimated as 

described in figure 11c. Results of such calculations are presented in 
figure 38. For the Corogard data only, an adjusto:ent was made for 
differences in the amount of Coregard at »‘aricus stations on production 
737 airplanes. For the test airplane, ilT.St chord was covered with 
Corogard at the test station, while 4?.-j i; an appreoriate average for 
production airplanes, giving 0.73 {see .'ig. 11c). This adjustv’.-. is 
considered appropriate because the Corogard data cxfiibit topical 
distributed roughness characteristics. For CAAPCO and the rouohenod 

leading edge, however, the data behave as if discrete roughness elements 
arc involved. lienee the effects may not vary in a simple manner with 

coated areas, and the drag ccefficient in.crencnts v.'ore assumed to be 
indepenoent of spanwise location (i.e.jt,= 1.0). 
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At a typical cruise condition, Cj 0.‘15 and P.j - 6.5 ntllion/n 
(2.0 nniion/ft); the total airplane drag Incrctrcnts are shown in figure 
33 to be; 


C.WC0 

0.2% 

decrease 
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increase 

Rough L. E. 
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The test has provided & set of highly accurote basic data shewing the 
effects of various surface finishes such as bare rectal, Corocard, CAAPCO, 
polyurethane enarric 1 , arid Icauing-odce roughness cn boundary layer 
properties. Coregard was applied at the test site and vnas slightly 
rougher than Is typical of factciv appl ications. A severely eroded 
leading edge was simulated with do. 50 grit. 

Evaluation of the effects of various surface configurations was based on 
treasured differences in boundary layer rorrentun thickness, A6, between 
the left and right wing test sectiens (side-to-sido cerparison). The 
right side, being retained in the bare rnetal condition throughout the 
tost, served as a baseline. 

riight-To-flight comparisons be^/een the respective test surfaces were 
also nade to cross check results obtained from the sido-to-sido 
ccr:t3ariscns. The two sets of data were in cualitativo agreerent; 
hev/evor, the fl icht-to-fl ight cotroari sons requii'c more corrections for 
variatiens in flight conditions (particularly Koynolds • number) and thus 
are considered not as definitive as the side-to-side ccrparlsons. 

Smal: differences between the left and right test sections wete observed 
when both sides were in the bare met 'I ccnfiguratich. These 'lifferencos 
appeared in both the boundary layer and the surface- static pressure 
measurements. The difference was less than 12. in Po~entum thickness and 
was accounted for in the data analysis. The cause is not known, but 
there are several possible explanations such as slight differences in the 
rigging of the trail i ng-odge flaps cr asy'mmo trie movement cf spoilers 
under airlor.ds- 




The princrj)«3T corjclusicnr. are as follijv's: 


1 . The test s’jrf^ces nhcr-^ed the fcllcv:1ng differences in neasured 


•xocr.en 

ityn thickness relelive to 

the here ratal reference 

sur 

face: 

V 

C/v‘.PC0 

1.5o to 3"i decrease 

in 

0 n 

0 

Coi-ogard (t*^ i£q 

''-'Of. to 7.SJ increase- 

In 

6 R 

0 

P.aycktT.ed lesding edge 

'll. 5i to 3t increase 

in 

0 R 


The ex1i^.tine paint also shewed incre^ises in Pcrent*jni thickness. The 
incririnents, hcr?^ever, were of the sane rMignitude os the excerinental 
djta scatter. 


The reasured r<,rentur» thickness incrcr^ints (AO^ w»:^re converted into 
section drag 1ncrer:ents ( using the nothed given by Nash and 

iref. 5), The section profile drag for the baseline 
ccr figuration v/as calculated, using the :reasurcd cncrcwise pressure 
distributions and available erroirlcal data. Thus, effects of the 
various surface cenf icuratiens cculcl be expressed in terrs of section 
profile crag: 


CAA?C0 

Ccrogar^i 

Rcuchencd leadino edee 


C.75X to 1.5‘f de crea se in c. 
Of, to 1 ^. 75 % increase In 
'-^0.75' to K57i increase in c. 


The test results for Ccrocard show 3 strung variation ot'the cr^g 
i no rer* 7 n t ' v. i t h i : nit f^o y no 1 ds r.urr.be r , v:o i c h is c cn s i s tort w 1 th th e 
trends in classical sand-crain rcughness drag data. The other data 
f.hcw nc Icrga Pcyrolds nurber effects, consistent w1 th. classi cal data 
for disc re tc c v ere scenco s . P.cii ghenod 1 ear! i rg -r- d ce da ta show a 

variation v<Hh lift coefficient that is pl'^usiblc. but the data are 
too lirwitod for firn ccnclusicns. 


4. To dotenr.ine airplane drag 1ncrer*:*nts accurately, similar 
measuremefits and analyses Vt'oulJ have to be carried out at several 
locations along the v^ingspan. If it is assumed that similar 
conditions prevail at all spanwisc locations, the preceding section 
profile drag incre:^:cnts would oe roughly equivalent to the following 
airplane drag Increments: . 

c CAAFCO O.ci decr ease in Cq 

0 Ccrogard O.Zi Increase in Cr. 

0 roughened leading edge 0.3T increase in Cq 

These increments apply for the test airplane at typical cruise 
conditions (;mit Reynolds number approx iir^ately 6.5 million/n). The 
Corogard drag increments observed at higher Reynolds nunbars are 
equivalent to as much as 0.75i airplane drag. An assessment of the 
effects of these drag increments on the fuel consumption of an 
airplane in airline operation would require a ccmolete mission 
analysis to be performed, which is outside the scope of this document. 

5. As indicated by this test, CA/\PC0 has a snail drag benefit. The 
benefit is thought to result from smoothing fasteners and joints In 
the bare metal; thorefor'c, this aenefit nay vary considerably at 
other span stations or for ether airplanes. Before C/UPCO could ue 
used in the inspar region, corrosion proteetJen equivalent to 
Corogard would have to be demonstrated. 
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SU55FACE RCUGHliESS MEASUREMEfiT 

The r-ethC'd ?jsed to f^easure surface roughness is briefly described, anci 
noDe roughness readings and traces are shewn. 

The instrun;ent used to raasure roughness was the- Surtrcr.ic III 
prof11os-:et.or, reprosented in figure A-1. The batteri'-operated 
display-traverse unit centains electronic circuitry snd 5 rrotcr that 
drives the pickup arr.. Surface roughness is transmitted from a diamond 
stylus on tlie pickup arm through 3 variable reluctance transducer to the 
averaging circuitry. The traverse of the stylus is divided into five 
£cg;T»}iits {cutoffs', and the rcughr.ess of each cutoff is averaged. The 
su'”.iation average of the five cuteff; is presented in a digital readeyt 
as the roughness number for that traverse. 
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Figure A-1 . Sumcnic t!i ^nd Rixor::^r 


kE'/ sym 


I 0 - i 





The custc^^iry cutoff of 0.76 cm (0.00 in) was sclocted for rcuohness 
r-oasurcrsents on the NASA TCV airplane test parols. Figures A-2, A-3, and 
A-4 show reasurc-eent locations and roughness values for the bare surface, 
CAAPCO ccatinc, and Corogard paint, respt-ctivsly . Keasurerents were 

take.'! at 80 tc 90 locations for each surface, v.ith erphasis on the wing 
stations where boundary layer rakes R2 , Rt, 34) were- located. 


The 0.76 rm 10.03 in) cutoff was selected to obtain readings that 

characterized rcjchness rather than surface wavincss. Figure- A-S shows 

typical characteristics of the varicjs surfaces as traced by tho 
recorder. The profi lore ter was located where the 0..7& rsn {0.03 in) 

cutoff gave the values noted above each trace. Then the 

profilcr^eter was sec to a long traverse of apprcsiratc-ly 12.7 rm 

(0.5 in), and the traces were made. Tfie traces show surface waviness as 

well as rc'jghness. Wavincss can bo caused by "orange peel effect" in the 
coating, ncnunifort:’i tics in the paint solvent, or can be transmitted from 
the subst''ate surface. It should be noted that tho Corogard trace was 
“borrewed" fren another airplane. It shews, hewover, typical surface 
characteristics corresponding to a <•, 1C7 yin reading on a 0.7G rer 
(0.03 in) cutoff. 
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